Abstract. The plenum chamber, as an important part in the production process of lithium battery films, directly impacts the efficiency of hot air circulation and the temperature field uniformity in the thermal insulating room. Studies confirm the orifice plate configuration of the plenum chamber affects the heat transfer performance, but the influence rules of parameters (e.g. staggered angle, opening ratio) on the heat transfer performance are unknown yet. In this regard, an in-depth study was conducted to explore the effects of orifice plate configuration on the heat transfer performance of films. Firstly, a plenum chamber model in the thermal insulating room was established based on the actual production line of lithium battery films. Then numerical simulation was studied via the computational fluid dynamics method. The numerical simulation method and the modeling accuracy were verified by comparing the simulated and experimental data of orifice jet velocity. Finally, based on the numerical model, how the regular changes of staggered angle and spanwise row number would affect the intensity, uniformity and efficiency of film heat transfer were systematically revealed. This study provides reference for structural optimization of the orifice plate configuration.
Introduction
In the wet-laid production line of lithium battery film, extrusion die, plenum chamber groups in the insulating room, chain movement control, etc. are the key to the overall film technology [1] . Among them, the main functions of the plenum chamber in the insulating room are to convert the dynamic pressure of the airflow in the fan duct into the static pressure as much as possible, stabilize and evenly distribute the airflow, and it is a key production equipment for ensuring even temperature at the outlet of the hot-air heating system, as well as has a direct impact on the stretching stability of the film forming process [2] .
At present, the plenum chamber in the production line of lithium battery film mostly relies on orifice plate to realize the forced convective heat transfer on film, however, the selection of structural parameters of the orifice plate is usually given according to experience, which needs to be adjusted and improved repeatedly. Extensive literature presents the heat transfer performance of orifice plate through experimental as well as numerical studies. Shao Jidong et al. estimated the velocity distribution uniformity of orifice plate jet and recommended the optimal parameters of orifice plate are d=12 mm, l=26 mm, t=6 mm，but if the thickness of the orifice plate is 6mm (that is, t=6mm), it will make the plenum chamber too heavy, as a result, it is unfavourable to be processed, installed and fixed [2] . [3] [4] [5] presented a comprehensive investigation on the effect of ratio of plate thickness to diameter, diameter of perforated holes and height of plenum chamber on jet impingement heat transfer performance, however, the field was confined to the inner plenum chamber and could not figure out the characteristics of the flow field outside the chamber. [6, 7] considered the effect of jet-to-target distance, distance between orifices both in flow direction and spanwise direction, etc. on the heat transfer performance, but the distance of orifice to target surface is small and the target surface is mostly made of metal material, which is not suitable for the plenum chamber in lithium battery film production line where Reynolds number is larger and thermal conductivity of film is lower. Furthermore, Goodro et al. [8, 9] studied the effect of Reynolds number, Mach number, hole spacing and temperature ratio on jet impingement heat transfer performance during 2008-2015. Lee et al. [10] considered the effects of crossflow on heat transfer distributions, experimental results showed that local, line-averaged, and spatially averaged Nusselt numbers have complex dependence on hole spacing, jet-to-target distance and impingement jet Reynolds number. Previous studies about orifice plate configurations didn't reveal the effects of parameters such as staggered angle and opening ratio on heat transfer of the target surface.
In the light of the very complicated airflow distribution in the insulating room under the jet impingement of orifice plate, it's difficult to measure and observe the internal flow field and the boundary layer in the stagnant area of film. In view of this, this paper studies the orifice plate configurations with staggered angle and number of spanwise rows varying regularly based on CFD (Computational Fluid Dynamics) method. The simulation results of orifice jet velocity and experimental results are compared to verify the effectiveness of numerical simulation methods. On this basis, the airflow distribution in the three-dimensional flow field and its effect on the heat transfer of the film were investigated by comparing the surface heat transfer coefficient of the film with different orifice plate configurations. Figure 1 shows the appearance and partial break-out section view of the insulating room in the film production line, in which the plenum chambers were arranged symmetrically. Hot air provided by the fans set besides the insulating room blew into the chamber and formed air jet impingement acting on film after rectification through the orifice plate, as shown in Figure 2 , where the direction of the arrow indicates the moving direction of the film. In order to study the effects of different orifice plate configurations on the heat transfer of film easily and efficiently, the local features of the plenum chamber and the insulating room are simplified. Since the film thickness ranges from 7 to 25μm and the extrusion die opening is only 0.6mm [11] when working, and the upper and lower symmetrical arrangement of the plenum chamber has the same situation during the convective heat transfer on film, we can select the case of single-sided heat transfer on film to study the effects of orifice plate. The model of plenum chamber in insulating room according to the existing lithium battery film production line project is established as shown in Figure  3 , with the size parameters as follows: inlet size of plenum chamber is 400 × 300mm; the front and rear walls of chamber fit the insulating room well and the length is 2780mm; the size of the insulated room is 800 × 2780 × 607.5mm, in which the distance from the horizontal plane of the orifice plate to the film is 257.5mm.
Modeling and numerical calculation method

Modeling of plenum chamber in insulating room
According to the actual orifice plate configuration used in the project, the orifice plate shown in Figure 4 is designed to study the effects of staggered angle and number of spanwise rows on heat transfer of the film. Where S1 is the flow spacing, S2 is the spanwise spacing, and α is the staggered angle. The thickness of the orifice plate is 1.2 mm, the diameter of the orifice is 15 mm, and the structural parameters of each orifice plate configuration are shown in Table 1 . 
Numerical calculation method
The insulating room includes the pre-heating zone, the stretching zone and the heat-setting zone. The largest airflow velocity in the insulating room locates in the core section of the orifice jet in the preheating zone, reaching 80 m/s at the maximum blowing air volume of the fan and the corresponding Mach number is 0.24; therefore, the hot air can be regarded as incompressible fluid. In this paper, the software Fluent 18.0 is used to solve the above three-dimensional incompressible Reynolds averaged Navier-Stokes equations. The common equations of the continuous equations, momentum equations and energy equations [12] are written as:
Where, superscript "-"means the time mean value, and "＇"means the ripple quantity. The instantaneous value φ, the mean valueφ and the ripple quantityφ' satisfy the relationship:φ =φ+φ'.
The supplying air volume of plenum chamber in different zones of the insulating room is controlled by centrifugal fans and variable frequency motors. In this paper, the preheating zone is used to study the convective heat transfer on the film. The medium is 150℃ hot air, the density ρ=0.8347kg/m 3 , the dynamic viscosity μ=2.4×10 -5 Paꞏs, and the orifice diameter D = 15mm. According to
The calculated inlet Reynolds number of the plenum chamber exceeds 60000. Hot air in insulating room develops fully after heating the film and then flows into the hot air circulation system, so the k-ε standard turbulence model is selected. The film wall is analyzed using the method of standard wall function. The solution process is steady-state and the hot air in the computational domain is considered as incompressible fluid of low velocity, so the Pressure-Based type and SIMPLE algorithm are adopted.
The overall mesh of the global model is shown in Figure 5 . In order to achieve the ideal calculation accuracy and make rational use of computing resources, the local mesh density on the orifice plate is increased, as shown in Figure 6 . The orifices of the plenum chamber and the heat transfer surface at the border of film and flow field are regarded as coupled surfaces. The velocity inlet is adopted in this model according to the actual flow situations of supplying air and return air, and the medium temperature of supplying hot air is set as 423K. The walls around the insulating room are regarded as outlets and are set as outflow type due to the unknown flow velocity and pressure on the boundaries. In this paper, only the case of single-sided heat transfer of the film is considered, so the interface of the film and flow field is set as coupled surface, and the thermal boundary conditions on the other surfaces of the film are set as convective heat transfer conditions. Here the free flow temperature is set as the ambient temperature 300K and the heat transfer coefficient is subject to the natural convection heat transfer with the atmosphere, which is set as 10W/m 2 •K [13] .
Model correctness verification
The orifice plate of plenum chamber in the production line of lithium battery film is shown in Figure  7 . The chamber is equipped with an air uniform plate (as shown by the dotted line in Figure 7 ) and has bilateral air supply by the fan. To verify the correctness of the simulation method, the model of the plenum chamber with this kind of orifice plate configuration was simulated and analyzed, and the orifice jet velocity was compared with the results of experiments. Of all the comparisons, the measuring points numbered 1-25 are located at the orifices of the rows in flow direction numbered 1, 8, 16, 24 and 31 respectively. The total pressure of the centrifugal fan is 1300 Pa, the max airflow rate is 15000 m 3 /h, and the speed of back bending blade is 1450rpm, supplying air simultaneously to the upper and lower plenum chamber symmetrically arranged. The boundary conditions are given based on function efficiency 85%, taking into account that the efficiency of this type of fan is usually 81% -88%. Figure 8 and Figure 9 show the comparison of the simulated and experimental results when the motor frequency is 30Hz and 50Hz respectively, in which the relative errors between the simulated and experimental results are both less than 3.8%. Considering the actual fan efficiency, numerical calculation error and the inevitable error in the experimental measurement, the model can reflect the actual flow field conditions in the insulating room. 
is the ratio of conductive heat transfer resistance and convective heat transfer resistance on the boundary surface during heat transfer, which characterizes the intensity of convective heat transfer. Where, h is the surface convective heat transfer coefficient (W/m 2 •K), L is the characteristic length (m), k is the thermal conductivity of the medium (W/m•K), and the physical meaning of the remaining parameters is shown in Figure 10 . In this simulation, the free stream temperature T∞ is the hot air temperature 423K, and Ts is the initial temperature of the film which is patched as 403K. Considering the different characteristic lengths of the thermal boundary layer on the film when the orifice plate configurations and boundary conditions are different, the average h of film (hereinafter referred to as h) is used to evaluate the convection heat transfer intensity of different orifice plate configurations.
Under the same inlet velocity, the Reynolds number of the initial crossflow section of the plenum chamber is the same, and h corresponding to each orifice plate is shown in Figure 11 . The number of opening orifices in each orifice plate is different, so that the average jet Reynolds number ReD shown in Table 1 Where, D is the diameter of the orifice (m), n is the number of orifices, μ is the dynamic viscosity of hot air (Pa•s) and m is the mass flow rate at the orifice plate (kg/m 2 •s). It can be seen from the figure that h and the average jet Reynolds number of the orifice plate have the same trend under different configurations: under the same inlet velocity, the jet Reynolds number decreases with the increase of the number of orifices and h decreases; as the inlet velocity increases, the mass flow rate at the orifice plate m increases, while the jet Reynolds number increases, so does h. The average h of film first increases and then decreases with the increase of the staggered angle when the number of spanwise rows is 3 or 4, and reaches the maximum at 30 °. When the number of spanwise rows is 5, h is less affected by the staggered angle. Under the same jet Reynolds number, h corresponding to each orifice plate is shown in Figure 12 . Like the same velocity inlet conditions, h increases first and then decreases with the increase of staggered angle, and reaches the maximum at 30°. When the number of spanwise rows is 5, h varies inconspicuously with the increasing staggered angle. As shown in Figure 13 , h for the number of spanwise rows 4 is higher than that for the number of spanwise rows 3 and 5 when the staggered angles are 0°, 15°, 30°, 45°respectively. It shows that the heat transfer effect is better when the number of spanwise rows is 4 under the same jet Reynolds number. Fig. 12 . h under the same number of spanwise rows Fig. 13 . h under the same staggered angle
Heat transfer uniformity
To quantify the heat transfer uniformity of each configuration, the degree of dispersion of h is defined as follows:
Where, σ is the standard deviation of h; μ is the average value of h; the smaller value of Cv corresponds to the better uniformity. Figure 14 and Figure 15 show the dispersion degree Cv of h under the same inlet velocity and jet Reynolds number, respectively. It can be seen from the figure that under the same boundary conditions, the minimum dispersion degree Cv occurred at the staggered angle of 45°, 30° and 30° when the corresponding numbers of spanwise rows are 3, 4, and 5 respectively. When the number of spanwise rows is 3, Cv is getting smaller with the increase of the staggered angle, followed by the increasingly better uniformity of heat transfer. When the number of spanwise rows is 4 or 5, Cv decreases when the staggered angle increases from 0 ° to 30 °, while increases when the staggered angle increases from 30 ° to 45 °. It is thus clear that when the opening ratio is low, like the configurations when the number of spanwise rows is 3 herein, the increase of the staggered angle can reduce the blind coverage of the hot air on the film and improve the heat transfer uniformity with a certain number of orifices. In the configurations when the number of spanwise rows is 4 or 5, which have a larger number of orifices, increasing the staggered angle can improve the heat transfer uniformity to some extent, but in the case studied in this paper, increasing the staggered angle over 30° will reduce the heat transfer uniformity. For further studying the distribution of heat transfer on the film, we selected h when ReD = 35000 (as shown in Figure 16 to make an analysis. It can be seen from the figure that when the number of spanwise rows is 3, 4 and 5 respectively, the corresponding D, G, K configurations have better uniform distributions of h. As the number of spanwise rows increases, the coverage area of hot air on the film and the heat transfer uniformity increase; the flow spacing S1 determines the "wavelength" between the peaks of the h, which has a significant effect on the uniformity in the flow direction and is a key factor that affects the uniformity of the thickness of the film during stretching. From the could map of A-L shown in Figure 16 , the maximum value of the surface heat transfer coefficient appears at a position far away from the inlet because of the large crossflow velocity vc in the crossflow section of the plenum chamber, which greatly affects the deflection of the jet velocity vj. The angle β between the synthetic velocity of the actual flow and the axis of the orifice satisfies: Besides, with the development of crossflow in the plenum chamber, the continuous decrease of flow rate reduces the crossflow pressure Pc; the increase of the static pressure Pj leads to the increase of the jet velocity, which enhances the local heat transfer effect, but reduces the overall heat transfer uniformity as shown in Figure 17 . 
Heat transfer efficiency
Under the same velocity inlet, the supplying air volume of each plenum chamber is the same, while under the same jet Reynolds number, the supplying air volume of each plenum chamber with different orifice plate configurations needs to be adjusted according to the number of orifices in order to ensure that the jet Reynolds number of each orifice maintains consistent. In the production line, it is uneconomical to achieve good heat transfer effects with high volume of air supply, and the optimization goal of orifice plate is to reduce the amount of supplying air while increasing the surface heat transfer coefficient and improving the heat transfer uniformity. For the same heat transfer coverage area, i.e. the film surface area of 800 × 2780 mm 
Where, vj is the jet velocity of orifice (m/s), and A is the dimensionless area corresponding to a single orifice, A = S1 × S2 herein. From the above analysis, we can see that h increases with the increase of jet Reynolds number, but the continuous increasing jet orifice Reynolds number may lead to the problem of crack or falling off from the clamp in the stretching process of the film. As can be seen from Figure 18 , under the same jet Reynolds number, h first increases and then decreases with the increase of Gs, and reaches the maximum value when A = 0.85, namely with the number of spanwise rows as 4. At this point, the number of orifices in the orifice plate is 100, and the opening ratio 
is 0.0208.
Summary
1)
Under the same boundary conditions, h first increases and then decreases with the increase of staggered angle when the number of spanwise rows is 3 or 4, and reaches the maximum at 30°; h is less affected by the staggered angle when the number of spanwise rows is 5; when the numbers of spanwise hole rows are respectively 3, 4, and 5, the minimum dispersion degree Cv of h occurred at the corresponding staggered angle of 45°, 30°, 30°, and then corresponding orifice plate configurations of D, G, K perform better in the uniformity of heat transfer.
2) A large velocity of initial crossflow in the plenum chamber will lead to an increase of the jet angle β; an increase of the static pressure at the end of the plenum chamber with long-channel enhances the local heat transfer effect but reduces the overall uniformity of heat transfer .
3) Under the same jet Reynolds number, h first increases and then decreases with the increase of Gs, which indicates that increasing the opening ratio of orifice plate while increasing the amount of supplying hot air can not enhance the heat transfer strength continually. For better selection we should focus on the configurations with the number of spanwise rows as 4 and opening ratio as 0.0208.
4) The orifice plate configurations with the number of spanwise rows as 4 and staggered angle as 30° have higher heat transfer efficiency and a more uniform distribution, which can be used as a basis for local optimization further.
